Fluorescent dyes and probes have been of interest in the fields of chemistry and biology for a long time. However, with more recent applications in advanced techniques, such as two-photon and super-resolution fluorescence microscopy, higher demands are being placed on physico-chemical properties of such compounds. Another requirement is specific intracellular targeting which often remains a big challenge. Here, we present the synthesis of a series of far red-emitting fluorescent dyes based on a structure of fluorinated symmetrical ɣ-aryl substituted pentamethinium salts. We reveal the relationship between the structure and photophysical and biological properties of the compounds; a type of a side unit (indole, benzothiazole) and presence of fluorine atoms were investigated. It was found that substitution of benzothiazolium side units for indolium ones led to increased quantum yields and higher photostability of the dyes and that the presence of fluorine on the γ-aryl moiety did not exhibit significant influence on their photophysical properties. Regardless of the structural difference, all compounds localized in mitochondria of various cancerous and noncancerous cell lines and can be utilized in live-cell imaging using wide-field, confocal, two-photon and structured illumination fluorescence microscopy. Our findings suggest that the properties of symmetrical pentamethinium salts are affected to a higher extent by the type of a side unit rather than fluorine atoms on the γ-aryl moiety. Last but not least, we believe that such probes will further extend tools for mitochondrial research.
Introduction
Fluorescent probes have been used for a long time in many biological and analytical applications [1, 2] . Some of them show high versatility, selectivity and specificity. They became very popular as compounds indispensable for biochemical and medicinal research, as the probes enable visualization of intracellular processes in real time. Therefore, development of small organic molecules for fluorescence microscopy and in vivo imaging is still a very important part of modern chemistry [3, 4] and specific intracellular targeting of these compounds remains a major challenge [5] .
Methinium salts belong to cyanine dyes, one of the most promising groups of fluorescent molecules, and have been intensively studied during the last thirty years for several reasons [6, 7] . First, fluorescence emission of certain cyanine dyes increases ca 1,000-fold upon binding to proteins and nucleic acids [8, 9] . Next, the absorption wavelength of the dyes is based on the number of methinium units in the conjugated system, therefore, novel dyes with desired spectral properties can be developed [10] . Based on these facts, methinium salts are widely used in many research fields [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , such as industrial and dye chemistry. Moreover, they have been extensively used in non-linear optics, optical recording and sensing. Recently, they have been utilized in cell and molecular biology as fluorescent probes. Due to their high photostability, tri-and penta-methinium salts have been efficiently utilized in various single molecule fluorescence microscopy techniques [21] [22] [23] . In addition, methinium salts could also be potentially used in clinical https://doi.org/10.1016/j.dyepig.2019.107802 Received 24 June 2019; Received in revised form 13 August 2019; Accepted 13 August 2019 practice [24] , since e.g. pentamethinium salts have high extinction coefficients [25] , high fluorescence quantum yields [26] and their absorption maxima lie in far red to near infrared region with the fluorescence emission at 700-1000 nm. On the other hand, there are only few reports on γ-aryl-substituted methinium salts [27] . Therefore, we focused on development of such compounds and explored their potential as novel fluorescence subcellular probes and sensors [28] . Firstly, we designed and prepared a series of organelle-specific fluorescent dyes with a γ-aryl-substituted pentamethinium core [29] . These novel dyes exhibited excellent photostability, low cyto-and phototoxicity, and the most importantly, extraordinary affinity towards cardiolipin, an important constituent of the inner mitochondrial membrane, thus being novel mitochondrial sensors.
Further, we focused on the relationship between the structure and photophysical properties of methinium salts [30] . We found that substitution of benzothiazolium side groups for indolium ones led to a bathochromic shift and increased photostability. More recently, we published a study comparing benzothiazole-and indole-substituted pentamethinium salts with one or two positive charges [31] . We discovered that biological activity of these compounds correlates with the affinity towards sulfated polysaccharides and that the type of a side heterocycle significantly affects cytotoxicity and selectivity towards cancer cells. Moreover, pentamethinium salts with a benzothiazole side group and two positive charges showed remarkably high efficacy against a taxol-resistant cancer cell line.
Lately, we were first to synthesize a pentamethinium salt with an expanded conjugated quinoxaline unit, which was directly incorporated into a methinium chain [32] . This molecule exhibits high fluorescence intensity, mitochondrial localization and high cytotoxicity while being selective towards cancer cells. An in vivo experiment in nude mice resulted in remarkable suppression of tumor growth.
Arising from our previous publications, methinium salts represent a group of compounds with a great potential not only in biology but also in medicine. Therefore, we aimed to prepare a novel series of nonfluorinated and fluorinated methinium salts with indole and benzothiazole side units and investigated their physico-chemical and biological properties. Since fluorine is a highly electronegative atom and it was described to affect compound bioactivity [33] , we wanted to examine whether the combination of fluorine and a specific side heterocycle would change properties of the tested dyes.
Experimental part

Chemicals
Common reagents and materials were obtained from commercial sources and were used without further purification. Chemicals for preparation of compounds 1-10 were purchased from Sigma Aldrich. Aromatic malondialdehydes were purchased from Acros Organics and FluoroChem.
General procedure for the synthesis of pentamethinium salts 1-10
The first series of pentamethinium salts comprised benzothiazolium units on both sides of the pentamethinium chain. The second series of fluorinated salts had two indolium units on both sides. Our approach for synthesis was based on our previous work [34] , in which the synthesis proceeded via condensation of two heteroaromatic salts with the corresponding malondialdehyde under heating. With this method, we prepared both fluorinated and nonfluorinated pentamethinium salts, as it is shown in Scheme 1.
A flask was charged with 2-arylmalondialdehyde (1.35 mmol), heteroaromatic salt (2.75 mmol) and dry butanol (15 mL). The mixture was heated to 110°C for 17 h. Afterwards, the mixture was cooled to room temperature. Pentamethinium salts with two benzothiazolium units on both sides were separated by filtration. The final product was recrystallized from hot ethanol.
Salts with two indolium units on both sides were separated by column chromatography. The mixture was evaporated to dryness and the product was separated as a deep blue band, eluentdichloromethane/methanol (10:1).
The NMR spectra were recorded using a 500 MHz instrument at 27°C, or a 300 MHz instrument at 22°C. The chemical shifts (δ) are presented in ppm followed by integral intensity, multiplicity and corresponding coupling constants (J) in Hz. The 1 H and 13 C chemical shifts are referenced to TMS (using the solvent signals CHCl 3 7.26 ppm, CDCl 3 77.0 ppm, CHD 2 SOCD 3 2.50 ppm, CD 3 SOCD 3 39.52 ppm), the 15 N to liquid NH 3 (using the frequency of solvent deuterium). Mass spectra were obtained using electrospray ionisation (ESI) with a LTQ Orbitrap spectrometer. Silica (40-63 D, 60 Å) was used to separate the compounds via column chromatography.
Compound 1
A flask was charged with 2,3-dimethylbenzothiazolium iodide (800 mg), 2-phenylmalondialdehyde (200 mg) and butanol. The yield of 318 mg, 41%. 1 
Compound 6
A flask was charged with 2,3-dimethylbenzothiazolium iodide (800 mg), 2-(3-trifluoromethylphenyl)malondialdehyde (292 mg) and butanol. The yield of 267 mg, 31%. 
Compound 7
A flask was charged with 1,2,3,3-tetramethylindolium iodide (828 mg), 2-(4-fluorophenyl)malondialdehyde (224 mg) and butanol. The yield of 435 mg, 53%. 1 
Pentamethinium salts docking with cardiolipin
Docking calculations were performed using Autodock Vina [35] . For docking, 2.3 Å resolution structure of the complex between murine CD1d and cardiolipin (PDB id 3MA7) was used. A cubic box (30 × 30 × 30 Å) centered on the polar head of the cardiolipin molecule was employed.
UV-VIS and fluorescence spectroscopy
The dyes were dissolved in DMSO, ethanol, methanol or phosphate buffered saline (PBS; PBS:DMSO, 99:1, v/v) at pH 7.4. Absorption spectra of the dyes (2.5 μM) were recorded by Cintra 404 GBC spectrometer. Fluorescence emission and excitation spectra of the dyes (0.5 μM) were carried out by FS5 Spectrofluorometer (Edinburgh Instruments) and were normalized.
Quantum yields
Absolute fluorescence quantum yields were measured by FS5 Spectrofluorometer (Edinburgh Instruments) equipped with an integrating sphere. The dyes were dissolved in DMSO, ethanol, methanol and PBS (PBS:DMSO, 99:1, v/v) to a final concentration of 0.5 μM.
Two-photon properties
Two-photon emission of pentamethinium salts was measured using a confocal two-photon fluorescence microscope Carl Zeiss LSM 880 NLO. In this experiment, 50 μl solution of a pentamethinium salt dissolved in DMSO was put on a cover glass and measured using a 63x oil immersion objective (NA 1.4). To ensure the relativity of fluorescence intensities of the dyes, all solutions were measured at concentration of 10 μM. The excitation wavelengths were 633, 1050, 1100, 1150, 1200, 1250 and 1300 nm, while the emission was recorded at the range of 566-690 nm.
Intracellular localization
A fluorescence real-time live-cell microscopy study was performed by Leica TCS SP8 WLL SMD-FLIM microscope at 37°C and in 5% CO 2 atmosphere. U-2 OS cells (10,000 cells per well) were seeded on 22 × 22 mm glasses in Petri dishes for live-cell imaging in complete cell culture media (RPMI supplemented with 10% fetal bovine serum [FBS] ). The cells were left to adhere for 24 h. Then, the cells were washed twice with PBS and incubated (37°C, 15 min) in complete cell culture medium without phenol red containing pentamethinium salts at various concentrations (10-100 nM). To assess the exact localization of pentamethinium salts, a mitochondrial probe MitoTracker® Green (MTG, 100 nM, 20 min) was used as a standard. Then, the cells were washed twice with PBS and subjected to fluorescence microscopy in medium without phenol red. The cells were visualized using a water objective HC PL APO CS2 63x (NA 1.2) and two lasers with the excitation wavelengths of 488 nm (9%, laser power of 9.72 μW) and 640 nm (1%, laser power of 3.25 μW) with fluorescence emission ranges 500-600 nm and 650-750 nm, respectively. Co-localization of the tested salts with mitochondria was assessed by correlation statistical analysis of the intensity values of green (MTG) and red (a pentamethinium salt) pixels in dual-channel images. Pearson correlation coefficient was calculated using ImageJ software.
Photobleaching
To study a photobleaching effect of pentamethinium salts, U-2 OS cells were prepared as described in Section 2.7. Pentamethinium salts were added to the cells and left to incubate for 35 min. Then, the cells were washed twice with PBS and subjected to fluorescence microscopy with continuous 15-min. illumination. The excitation wavelength was 640 nm (1%, laser power of 3.25 μW) and fluorescence emission was collected at 650-750 nm.
Conventional wide-field microscopy with deconvolution and structured illumination microscopy
Both wide-field deconvolution microscopy and super-resolution two and three dimensional-structured illumination microscopy (2D and 3D-SIM) were measured using OMX V4 Blaze imaging system (GE Healthcare, USA). The OMX Blaze system allowing ultra-high speed illumination and acquisition was equipped with a nanomotorized table, laser excitation light of 405, 488 and 642 nm wavelength (100, 100 and 110 mW, respectively), shutters using a high-speed tilt mirrors with open and close times of 0.2 ms, two front-illuminated sCMOS cameras (pixel size of 6.5 × 6.5 μm, resolution of 2560 × 2560×) and 60× Plan Apo oil immersion objective (NA 1.42) for super-resolution techniques. Deconvolution and structured illumination reconstruction were made by Softworx software.
For this experiment, U-2 OS and PC-3 cells were seeded on Wilco glass-bottom black microscopy dishes for tissue culture with the thickness of #1.5H and left to incubate overnight. Then, the cells were treated with 20 nM concentration of individual pentamethinium salts for 10 min washed with PBS, which was then replaced for FluoroBrite L. Krčová, et al.
Dyes and Pigments 172 (2020) 107802 DMEM with 10% FBS and the samples were subjected to microscopy. For an experiment of mitochondria stress induction, the cells were treated with 1 μM sarco-/endoplasmic reticulum ATPase inhibitor trilobolide [36] (thapsigargin analogue) for 2 h, then washed with PBS, stained for 10 min with a pentamethinium salt, washed with PBS, supplemented with FluoroBrite DMEM medium with 10% FBS and subjected to microscopy.
Impact on cell viability
Viability of cells treated with pentamethinium salts was determined using WST-1 (Sigma-Aldrich, USA) assay by spectrophotometric detection similarly as described in Ref. [36] . WST-1 assay is based on reduction of a tetrazolium salt on soluble formazan in metabolically active cells, therefore, the absorbance is directly proportional to cell viability.
For this assay, cells (MCF-7, MIA PaCa-2, 5637, HEK 293T, SH-SY5Y, HeLa, L929, HT-29, HaCaT, H9C2, LNCaP, HMC-3, Hep G2, RAW 264.7, U-2 OS, MRC-5) were seeded into wells of 96-well plates (5,000 cells per well) in 100 μL of cell culture medium recommended by ATCC and supplemented with 10% FBS. The cells were incubated for 16 h under standard cultivation conditions, then, 100 μL of fresh media with the tested compounds (final concentration 0-50 μM) was added, and, the cells were incubated for another 72 h. After that, the medium was removed and the cells were incubated with 5 μL of WST-1 dissolved in 100 μL of FluoroBrite DMEM with 10% FBS for 2 h. The absorbance was measured at 450 nm (reference 630 nm). Cells incubated with a vehicle (DMSO) in complete medium served as a control. All experiments were done in quadruplicates. The data were analyzed in Microsoft Excel; the deviations were calculated as standard error of the mean (SEM).
Results and discussion
Photophysical properties
Previously, we reported photophysical properties of γ-substituted pentamethinium salts with benzothiazole and indole side units [30] . We observed that substitution of a benzothiazole for an indole side unit leads to increased photostability of the dyes. In order to extend the knowledge on the dye structure, we prepared a series of fluorinated and non-fluorinated pentamethinium salts 1-10 with indole and benzothiazole side units and investigated their photo-physical properties and bioactivity. The goal of this work was to address whether presence of fluorine in combination with an indole or a benzothiazole side unit affects the properties of the studied salts.
First, we measured the spectral properties of the dyes 1-10 and found that their absorption maxima were in the red region of the visible spectrum (Table 1 ). Since biological samples exhibit high autofluorescence usually absorbing at 450-500 nm [37] , our pentamethinium salts could be successfully used for biological imaging. The absorption maxima of pentamethinium salts were affected by the type of solvent used (Fig. S1, Supplementary information) which is known as solvatochromic effect, reported also in other studies [38] [39] [40] . Regarding dyes with indole side units (2, (7) (8) (9) , any significant spectral changes were not observed among individual solvents. Nevertheless, the absorption spectra of non-fluorinated salt 1 and fluorinated salt 3, 4, 5 and 6 with benzothiazole side units significantly differed in aqueous medium in contrast to DMSO. Even though the absorption band of around 650 nm was still present, an extra shoulder appeared at ca 575 nm and the overall absorbance was remarkably decreased. A similar phenomenon was observed in Ref. [29] for pentamethinium salts also containing benzothiazole side units, the shift was observed regardless ɣ-aryl substitution. In addition to that, a significant change in fluorescence emission and excitation spectra of salts 1, 3-6 and 10 (Figs. S2 and S3, Supplementary information) in PBS was also detected.
While the spectra of these salts dissolved in DMSO, ethanol and methanol appeared to be alike, intensity of fluorescence emission of the salts in PBS was substantially decreased. This behavior might be explained by decreased solubility of the dyes in this solvent and by the well-known phenomenon of creating J-and H-type aggregates [41] [42] [43] [44] , the photo-physical properties of which strongly differ from the monomeric form. Since we observed a hypsochromic shift, H-aggregates of the studied pentamethinium salts were probably formed. This is in agreement with structurally related compounds in Ref. [29] and in Ref. [45] .
Next, we determined the dye quantum yields (QY), which are defined as the ratio of the number of emitted photons to the number of absorbed photons [46] , meaning that higher QY represents a brighter fluorophore [47] . QY was also strongly dependent on a solvent used. As expected, the highest QY were detected for all dyes in DMSO, in which their monomeric state is ensured and no aggregation should occur. The highest QY in DMSO exhibited compound 2 followed by 7, 8 and 1, which was equal to 6 and similar to 9, significantly reduced QY were measured for 4, 10 and 3, and the lowest for 5. In general, lower QY were measured in ethanol, the lowest than in methanol and water environment (PBS). Regarding the results mentioned above, both dye stability and fluorescence QY are strongly affected by the type of the solvent. Since there were major differences between fluorinated indole and benzothiazole salts, the parameters are probably rather linked to the type of a side unit than the presence of fluorine atom; indole inducing higher QY.
Two-photon fluorescence spectroscopy
Next goal was to evaluate the possibility of using our novel pentamethinium dyes for two-photon microscopy application, which could enable in vivo imaging. Two-photon absorption is an optical process, in which two near-infrared photons with low energy are absorbed [48] . The absorption subsequently leads to an emission of a photon that has higher energy than the excitation photons. Due to longer-wavelength excitation, the beam in two-photon microscopy has greater penetration depth and, therefore, enables the visualization of internal parts of the specimen without background scattering [49] . Moreover, compared with one-photon microscopy, two-photon microscopy has several advantages, including higher spatial resolution and longer observation time. To explore the possibility of application salts 1-10 as two-photon fluorescent dyes, we measured their fluorescence emission intensity after one-and two-photon absorption (Fig. 1) . Except for excitation wavelength 1050 nm, in all cases the emission intensity of salt 2 was higher than the intensity of other salts. Excitation with 1200 and 1250 nm proved that the most two-photon prominent compounds were 1 and 2, non-fluorinated pentamethinium salts with benzothiazole and indole side units, respectively. Further study of two-photon properties of pentamethinium salts and their applicability is necessary, however, that is above the scope of this study.
Intracellular localization
To examine whether our dyes could be applied as cell organelle probes, their cell uptake and intracellular localization were examined by real-time live-cell fluorescence microscopy in human cell lines derived from various tumors, such as cervical (HeLa), prostate (PC-3), breast (MCF-7), urinary bladder carcinoma (5637), osteosarcoma (U-2 OS) and normal primary cells derived from lung (MRC-5). The localization data for U-2 OS cells are shown in Fig. 2 . Upon addition of 10-100 nM pentamethinium salts, in less than 5 min we observed a network-like intracellular structure resembling mitochondria. To prove the specific intracellular localization, we used several organelle fluorescent trackers. By monitoring of our probes together with a mitochondria-specific dye MitoTracker® Green FM, using live-cell fluorescence microscopy, we found out that they both co-localized. The confirmation was performed by calculating Pearson correlation (Fig. S4, Supplementary information) as a parameter of a linear correlation of red (pentamethinium salts) and green (MTG) channel. The calculated data showed a strong correlation between their fluorescence emission, meaning that they co-localized in mitochondria. Interestingly, we found that non-fluorinated salt 2 with an indole side unit excellently stained mitochondria at concentration as low as 20 nM (see Fig. 3 ).
Pentamethinium salt docking with cardiolipin
Based on our previous study [29] , we intended to verify whether compounds 1-10 bind to cardiolipin (1,3-bis(sn-3′-phosphatidyl)-snglycerol), the lipid present in mammalian cells solely in the inner mitochondrial membrane. Since there is an absence of a good, experimentally determined atomic resolution model of the mitochondrial membrane, a suitable target to model the interaction of pentamethinium salts with the lipid component of the mitochondrial inner membrane can be performed by docking calculations with an experimentally determined 3-D structure containing a bound cardiolipin molecule. For this purpose, the 2.3 Å resolution structure of the complex between murine CD1d and cardiolipin (PDB id 3MA7) appears as an interesting target for docking: the di-phosphate-group containing polar head of the cardiolipin molecule extrudes out at the surface of the CD1d protein whereas two hydrophobic tails are inserted in the hydrophobic core of the protein.
The docking study showed that the lowest interaction energies (−8.8 kcal/mol, see Table 2 ) were found for compounds 1, and 10; they correspond to interaction constant (Ki) of ca 0.35 μM: these molecules bind the polar head of the cardiolipin with reasonable strength.
Photobleaching
To prove that our novel dyes can be used as valid mitochondrial probes for fluorescence microscopy, evaluation of their photostability, which is the key attribute for live-cell imaging applications, was necessary. To determine the photostability of pentamethinium salts 1-10, we performed a photobleaching test directly in living U-2 OS cells treated with the dyes at various concentrations for 35 min. After 15 min of constant illumination, the overall fluorescence intensity of all our probes decreased but in case of salts 2 and 7 (indole derivatives) the changes in the fluorescence intensity were not so significant. On the other hand, notable susceptibility to bleaching was detected for dyes 3, 4, 5 (benzothiazole side units) and 8 (indole side units), the measured decrease was rather exponential (Fig. 7) .
Structured illumination microscopy
Since nowadays, super-resolution fluorescence microscopy has been demanded for more and more biological studies, we evaluated the applicability of the pentamethinium salts for one such technique -structured illumination microscopy (SIM) directly in living cells. We found out that compounds 1, 2, 6-10 were photostable enough to enable acquiring the whole mitochondrial network in 3D ( Fig. 8 and S5 in Supplementary information). Moreover, the dyes were retained even when mitochondrial stress was induced with, e.g., a sesquiterpene lactone trilobolide (a thapsigargin analogue) causing disruption of calcium ion homeostasis. During such stress conditions, the mitochondrial network is fragmented, see Fig. 9 and S6 in Supplementary information.
Cell viability
In order to evaluate usability of the probes for live-cell imaging, the impact on cell viability was measured using WST-1 assay in a panel of cancer cell lines of various origin; tumor cell lines derived from: breast, pancreatic, urinary bladder, cervical, colon, prostate carcinoma, neuroblastoma, glioma, osteosarcoma and hepatocarcinoma; transformed cell lines of human embryonic fibroblasts and keratinocytes, mouse fibroblasts and macrophages; rat myoblasts and normal primary cells of Fig. 4 . Compound 9 docked to the 2.3 A resolution 3-D structure of the complex between mouse CD1D and cardiolipin. Docking was targeted at the polar head of the cardiolipin molecule. Compound 9 is shown in blue, and the elements of the complex are shown mostly in green. For clarity, the CD1D polypeptide chain is shown as a ribbon. The figure was generated with Pymol [50] . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 5.
A close up view of compound 9 docked to the 2.3 A resolution structure of the complex between mouse CD1D and cardiolipin. Docking was targeted at the polar head of cardiolipin. Compound 9 is located at the top of the picture, in a close proximity to the phosphate groups of the cardiolipin molecule. The figure was generated using Coot software [51, 52] . human fibroblasts from lung. Cell viability was measured after 72 h of treatment, the IC 50 values are summarized in Table 3 . Most of the compounds exhibited IC 50 higher than concentrations sufficient for mitochondria labelling and imaging (usually 20-50 nM), the lowest impact on cell viability was detected for benzothiazolium derivatives 3-6.
Conclusions
We designed and prepared a series of novel fluorinated and nonfluorinated pentamethinium salts with indole and benzothiazole side units (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . To understand the relationship between their chemical structure and photophysical properties, UV-Vis and fluorescence spectroscopy were used. We found that all tested salts have their absorption in the red region of the visible spectrum and could be potentially applicable for bioimaging. All compounds specifically stained mitochondria of a number of cancerous and noncancerous cell lines in nanomolar concentrations which were lower than concentrations decreasing cell viability. To demonstrate that our methinium salts can be used as mitochondrial trackers, we tested their photostability and revealed that fluorescence intensity of compounds 2 and 7 (indole derivatives) did not significantly decrease. Furthermore, the compounds 1, 2 and 6-10 were stable enough to image the whole mitochondrial network of living cells by SIM microscopy; the staining was retained even upon mitochondrial fragmentation. Summarized, these novel pentamethinium salts could be used for sundry microscopic applications ranging from wide-field, confocal, to super-resolution and two-photon fluorescence microscopy. 
